Introduction {#s1}
============

It has been generally recognized that postprandial hyperglycemia and hyperlipidemia are highly related to the development of atherosclerosis \[[@R01]\]. Sodium/glucose cotransporter-2 (SGLT2) inhibitors have attracted attention as a new class of anti-diabetic agents for the treatment of type 2 diabetes \[[@R06]\]. The ultimate purpose of controlling blood glucose in diabetes is to prevent the development of its complication. Recently, it has been reported that empagliflozin, an SGLT2 inhibitor, significantly reduced rate of the primary composite cardiovascular outcome and of death in type 2 diabetes when added to standard care \[[@R09]\], suggesting this new class of anti-diabetes agents may prevent diabetes complication.

Tofogliflozin, another member of SGLT2 inhibitors, has been recently available in the market in Japan, with 2,900-fold greater selectivity for SGLT2 than SGLT1, and has the highest selectivity of all clinically developed inhibitors \[[@R10]\]. Like other SGLT2 inhibitors \[[@R11]\], tofogliflozin treatment was associated with significant reductions in body weight (BW). These BW reductions might be associated with a compensatory reduction of visceral fat resulting from the loss of calories following increased urinary glucose excretion \[[@R12]\]. Indeed, a dapagliflozin study suggested that the main source of this BW reduction is visceral fat \[[@R13]\]. On the other hand, it is suggested that the accumulation of visceral fat contributes to the development of postprandial hyperlipidemia \[[@R14], [@R15]\], which is closely associated with cardiovascular disease \[[@R01]\].

In this background, we mainly focused on the effect of tofogliflozin treatment on lipid and lipoprotein metabolism in postprandial state using the cookie, an established meal \[[@R16]\] for the assessment of individuals' potential postprandial metabolic abnormalities in glucose and lipid.

Materials and Methods {#s2}
=====================

Study subjects {#s2a}
--------------

Ten Japanese men with type 2 diabetes (average age 66.3 years) without any diabetes medication were orally administered tofogliflozin (20 mg per day) for 8 weeks followed by another 8 weeks of discontinuation (at 16 weeks). There were no subjects with history of coronary artery disease or cerebrovascular disease. Five subjects were on antihypertensives medications and five subjects were on antihyperlipidemic agents. Doses of those drugs were not changed during this study period.

This work was conducted in accordance with Declaration of Helsinki. Informed consent was obtained from all of the participants. The institutional review board in Kanazawa Medical University Hospital approved the experimental protocol. This clinical trial was registered to UMIN and the registry number is UMIN000015778.

Sample collection {#s2b}
-----------------

Study protocol is shown in [Figure 1](#F1){ref-type="fig"}. This 16-week, single-arm, pilot clinical study investigated whether postprandial lipid metabolism would be improved after an 8-week oral administration of tofogliflozin (20 mg per day) and a subsequent 8-week washout of the agent in Japanese men with type 2 diabetic patients. For the assessment of postprandial metabolism, we used the cookie (Saraya Corp., Osaka, Japan) \[[@R16]\], an established meal for the assessment of individuals' potential postprandial metabolic abnormalities in glucose and lipid. We conducted the cookies tolerance test on three points: 0 week (baseline), 8 weeks (after treatment) and 16 weeks (after washout).

![The study protocol is shown. We conducted the cookies tolerance test on three points: 0 week (baseline), 8 weeks (after treatment) and 16 weeks (after washout). Tofogliflozin (20 mg per day) administration started from the next day of the first cookies tolerance test and continued for 8 weeks. After 8 weeks of tofogliflozin administration and a subsequent 8-week washout of the agent, the cookies tolerance test was again conducted exactly the same way it was done before starting tofogliflozin.](jocmr-09-403-g001){#F1}

On the morning of the day of examination, study subjects did urination completely and took 100 mL of water at 8 a.m. and then did second urination right before taking blood sampling at 0 min followed by the oral ingestion of one pack of the cookie consisting of 75 g carbohydrate, 28.5 g fat, and 8 g protein for a total of 592 kcal. Subjects spent 10 min for taking the cookie with 120 mL of water and took blood and urine sampling at 60 and 120 min. Tofogliflozin administration started from the next day for 8 weeks and then discontinued followed by another 8 weeks of observation without tofogliflozin.

Measurement of metabolic parameters {#s2c}
-----------------------------------

All laboratory tests were conducted by SRL Corporation, Japan. Cholesterol was measured by ultraviolet absorption spectrophotometry method and triglycerides (TG) were measured by GK-GPO free glycerol trap method.

HDL-C and LDL-C were measured by direct homogeneous assay methods using detergents. Quantification of remnant-like particles-cholesterol (RLP-C) and serum apoB-48 were conducted by the method using an immune-separation technique (Otsuka Pharmaceutical Co., Ltd) and a chemiluminescent enzyme assay (Fujirebio Co., Ltd), respectively. Immunoreactive insulin was measured by immunochemical methods. Measurement of the high-molecular weight (HMW) adiponectin was conducted by chemiluminescent enzyme assay (Fujirebio Co., Ltd). Serum lipoprotein lipase (LPL) mass was measured by ELISA (Sekisui Co., Ltd). Plasma glucagon levels were measured using a radioimmunoassay kit (Glucagon RIA (SML), Japan). Homeostasis model assessment-insulin resistance (HOMA-IR) was calculated as fasting insulin × fasting plasma glucose/405 and C-peptide index was calculated as C-peptide × 100/fasting plasma glucose.

Analysis of postprandial lipid metabolism {#s2d}
-----------------------------------------

Metabolic parameters were measured at 0, 60 and 120 min after the cookie loading. Results were presented as mean ± SEM or medians (first and third quartiles). The area under the curve (AUC) of metabolic parameters was calculated by square measures of trapezoid on the basis of values obtained from 0, 60 and 120 min after cookie ingestion.

The paired t test was performed to assess the change from baseline. The Wilcoxon's signed rank test was performed when data were not distributed normally. A P value of less than 0.05 was considered to be significant.

Results {#s3}
=======

Changes in glucose and related markers {#s3a}
--------------------------------------

Changes in metabolic parameters related to glucose metabolism are shown in [Table 1](#T1){ref-type="table"}.

###### Changes in Fasting and Postprandial Glycemic Control, Blood Pressure and Other Metabolic Parameter During the Study Period

                                    0 week     8 weeks   16 weeks   0→8        0→16                                                                                                         
  --------------------------------- ---------- --------- ---------- ---------- --------- ------ ---------- --------- ------ ---------- --------- ------ ------ ----------- ---------- ----- ------
  Age, years                        60.9       2.8                                                                                                                                          
  Body weight , kg                  75.4       4.1                  73.0       4.2              74.0       4.7              -2.37      0.43             0.00   -1.39       0.95             0.18
  Body mass index, kg/m^2^          26.7       1.1                  25.8       1.2              26.1       1.3              -0.827     0.16             0.00   -0.51       0.33             0.16
  Waist circumference, cm           91.7       3.0                  89.3       3.0              90.3       3.8              -2.4       0.70             0.01   -1.37       1.14             0.26
  Systolic blood pressure, mm Hg    139.9      4.5                  133.5      3.8              136.3      5.9              -6.4       3.36             0.09   -3.60       3.28             0.30
  Diastolic blood pressure, mm Hg   83.4       1.9                  80.5       1.7              82.3       3.1              -2.9       1.65             0.11   -1.10       2.64             0.69
  Plasma glucose_0 min, mg/dL       140.8      16.2                 111.8      7.9              124.5      8.8              -29.0      14.66            0.08   -16.30      17.88            0.39
  Plasma glucose_60 min, mg/dL      234.4      19.4                 203.8      19.0             222.6      22.5             -30.6      12.67            0.04   -11.80      14.15            0.43
  Plasma glucose_120 min, mg/dL     218.4      22.5                 184.3      20.1             207.7      25.4             -34.1      15.34            0.05   -10.70      12.05            0.40
  Insulin_0 min\*, μU/mL            5.6        4.3       7.2        3.7        2.7       7.7    5.6        3.6       8.2    -1.655     -3.61     2.11   0.38   -0.38       -1.26      1.4   0.92
  Insulin_60 min\*, μU/mL           30.9       17        47.5       24.3       17.9      35.3   24.8       21.0      35.5   -6.235     -14.58    2.88   0.13   -4.15       -14.30     4.2   0.23
  Insulin_120 min\*, μU/mL          19.2       16.9      39.4       20.8       15.3      28.9   23.6       18.8      43.1   -3.7       -17.85    2.78   0.23   -0.15       -8.03      5.9   0.87
  HOMA-IR\*                         1.7        1.5       2.2        1          0.7       2.1    1.6        1.2       2.8    -0.78      -1.14     0.01   0.13   -0.19       -0.49      0.6   1.00
  CPR_0 min\*, ng/mL                1.8        1.5       2.2        1.6        1.1       2.9    1.8        1.6       2.1    -0.23      -0.42     0.31   0.38   0.13        -0.34      0.3   0.92
  CPR_60 min\*, ng/mL               4.6        4.0       6.4        4.7        3.9       6.1    4.5        4.0       5.5    -0.25      -0.97     0.27   0.3    -0.23       -1.13      0.2   0.43
  CPR_120 min\*, ng/mL              6.1        5.0       7.3        6.1        4.7       7.0    5.8        4.8       7.0    -0.17      -2.10     0.94   0.38   -0.16       -0.94      0.2   0.49
  CPR index\*                       1.4        1.0       1.6        1.6        0.9       2.5    1.3        1.1       2.0    0.105      -0.18     0.59   0.43   0.05        -0.09      0.4   0.33
  IRG_0 min, pg/mL                  160.1      5.9                  172.4      7.1              149.0      7.3              12.3       6.47             0.09   -11.10      6.48             0.12
  IRG_60 min, pg/mL                 166.1      5.0                  180.1      6.8              147.4      7.8              14.0       4.89             0.02   -18.70      6.03             0.01
  IRG_120 min, pg/mL                159.6      4.8                  169.7      7.1              147.8      6.3              10.1       5.81             0.12   -11.80      6.21             0.09
  HbA1c (NGSP, %)                   6.8        0.2                  6.5        0.2              6.9        0.3              -0.3       0.10             0.01   0.05        0.19             0.79
  AUC plasma glucose                24,840.0   2,213.9              21,111.0   1,911.3          23,322.0   2,305.1          -3,729.0   1,461.4          0.03   -1,518.00   1,583.42         0.36
  AUC insulin                       3,325.6    752.1                2,454.5    361.6            3,055.7    618.5            -871.05    462.18           0.09   -269.94     214.57           0.24
  AUC CPR                           597.3      81.2                 546.3      52.0             562.8      73.4             -51.0      40.85            0.24   -34.44      20.66            0.13
  AUC glucagon                      19,557.0   521.0                21,069.0   747.2            17,748.0   831.7            1,512.0    509.83           0.02   -1,809.00   669.03           0.02

Data are presented as mean ± SEM unless otherwise noted. \*Date are presented as median (first and third quartile) when they are skewed. Homeostasis model assessment-insulin resistance was calculated as fasting insulin × fasting plasma glucose/405; CPR index was calculated by CPR × 100/plasma glucose. CPR: C-peptide immunoreactivity; IRG: immunoreactive glucagon; AUC: the area under the curve.

There were significant reductions in BW, body mass index (BMI) and waist circumference of the study subjects at 8 weeks vs. 0 week. At 8 weeks, there were significant reductions in plasma glucose (PG) at 60 min and HbA1c, which returned to pretreatment level at 16 weeks. Serum insulin did not change during study period in either fasting or postprandial states. There were reductions in the AUC of PG and increases in that of plasma glucagon.

Changes in lipids and related markers {#s3b}
-------------------------------------

Changes in metabolic parameters related to lipid metabolism are shown in [Table 2](#T2){ref-type="table"}.

###### Changes in Fasting and Postprandial Lipids During the Study Period

                                           0 week     8 weeks   16 weeks   0→8        0→16                                                                                                              
  ---------------------------------------- ---------- --------- ---------- ---------- --------- -------- ---------- --------- -------- ---------- --------- ------- ------ ---------- --------- ------- ------
  Total cholesterol, mg/dL                 179.1      7.8                  178.3      6.38               178        8.7                -0.8       4.82              0.87   -1.1       5.0               0.83
  HDL-cholesterol, mg/dL                   51.8       3.8                  53.8       4.64               57.8       5.0                2.0        2.18              0.38   6.0        2.0               0.02
  LDL-cholesterol, mg/dL                   101.3      8.0                  105.1      4.29               101.3      6.1                3.8        5.67              0.52   0.0        4.2               1.00
  Triglycerides_0 min\*, mg/dL             94.5       68.8      171.00     85.5       68.00     138.00   92.5       69.0      115.50   -20.5      -56.00    18.5    0.27   -4.5       -84.5     9.75    0.38
  Triglycerides_60 min\*, mg/dL            134.5      115.0     188.75     129        92.50     182.25   122.0      101.8     198.00   -9.5       -54.00    16.25   0.34   -15.0      -56.3     31.00   0.41
  Triglycerides_120 min\*, mg/dL           178.5      131.0     230.75     156.5      110.50    197.25   155.0      114.5     239.75   -28.5      -66.75    12.25   0.06   -7.0       -64.5     28.75   0.59
  RLP-C_0 min, mg/dL                       8.25       4.30                 3.94       0.49               3.87       0.8                -4.31      4.3               0.34   -4.38      3.6               0.26
  RLP-C_120 min, mg/dL                     10.59      3.9                  6.21       0.67               6.73       1.1                -4.38      3.64              0.26   -3.86      3.8               0.34
  Lipoprotein lipase mass_0 min, ng/mL     37.6       3.7                  37.1       4.30               44.2       4.8                -0.5       2.12              0.82   6.6        2.8               0.04
  Lipoprotein lipase mass_120 min, ng/mL   37.0       4.0                  37.4       4.69               43.1       4.8                0.4        1.14              0.73   6.1        2.1               0.02
  Apolipoprotein B48_0 min, ng/mL          4.41       1.6                  3.89       0.66               4.08       0.9                -0.52      1.42              0.72   -0.33      0.8               0.69
  Apolipoprotein B48_120 min, ng/mL        9.43       1.9                  8.75       1.08               9.08       1.6                -0.68      1.25              0.6    -0.35      1.5               0.82
  AUC triglycerides                        24,546.0   8,149.1              16,416.0   2,016.5            17,010.0   2,295.8            -8,130.0   7,196.2           0.29   -7,536.0   6,725.6           0.29

Data are presented as mean ± SEM unless otherwise noted. \*Date are presented as median (first and third quartile) when they are skewed. RLP-C: remnant-like particles-cholesterol; AUC: the area under the curve.

There were no significant changes in serum lipid and lipoprotein levels at 8 and 16 weeks vs. 0 week in either fasting or postprandial states except for tendency toward reduction in postprandial TG at 8 weeks and increase in HDL-C at 16 weeks.

There were no changes in apolipoprotein B48 during the study period either fasting or after test meal loading. There were no significant changes in the AUC of plasma TG throughout the study period.

Changes in other parameters {#s3c}
---------------------------

Changes in other metabolic parameters are shown in [Table 3](#T3){ref-type="table"}.

###### Changes in Other Clinical Parameters During the Study Period

                             0 week    8 weeks   16 weeks   0→8       0→16                                                                                                 
  -------------------------- --------- --------- ---------- --------- -------- ------ --------- ------- ------ --------- -------- ------ ------- --------- -------- ------ ------
  AST, IU/L                  25.1      2.2                  23.8      2.19            22.9      1.9            -1.3      1.68            0.46    -2.2      1.7             0.24
  ALT, IU/L                  30.2      3.4                  27.1      1.86            27.1      1.5            -3.1      2.47            0.24    -3.1      2.7             0.28
  Uric acid, mg/dL           5.38      0.4                  4.61      0.41            5.25      0.5            -0.77     0.19            0.00    -0.13     0.2             0.60
  Na, mEq/L                  140.2     0.5                  140.4     0.48            140.8     0.3            0.2       0.59            0.74    0.6       0.5             0.28
  K, mEq/L                   4.82      0.1                  5.39      0.16            5.13      0.1            0.57      0.18            0.01    0.31      0.2             0.08
  WBC, /μL                   5,930     583.7                5,650     525.62          6,020     686.7          -280      438.38          0.54    90        277.9           0.75
  RBC, /μL                   480.4     13.8                 510.3     10.28           492.2     11.3           29.9      7.05            0.00    11.8      4.0             0.02
  Hb, g/dL                   15.08     0.4                  16.14     0.31            15.82     0.6            1.06      0.21            0.00    0.74      0.6             0.24
  Ht, %                      43.92     1.1                  46.84     0.83            45.39     1.0            2.92      0.71            0.00    1.47      0.3             0.00
  120 Ccr                    176.577   14.3                 154.449   12.65           165.028   17.7           -22.128   10.83           0.07    -11.549   14.7            0.45
  uAlb/Cr, mg/gCRE           0.2144    0.1                  0.550     0.242           0.575     0.324          0.336     0.165           0.073   0.361     0.3             0.25
  HMW adiponectin\*, μg/mL   1.98      1.35      3.30       2.535     1.56     4.08   2.66      1.27    4.25   0.475     0.15     0.91   0.00    0.205     -0.1     1.25   0.19
  8-OHdG/Cre\*, ng/mgCRE     0.097     0.08      0.13       0.118     0.09     0.14   0.084     0.08    0.11   0.019     0.00     0.04   0.16    -0.005    -0.027   0.00   0.13
  8-OHdG, ng/mL              15.45     2.4                  12.6      2.3             12.49     1.7            -2.85     2.8             0.34    -2.96     1.6             0.10

Data are presented as mean ± SEM unless otherwise noted. \*Date are presented as median (first and third quartile) when they are skewed.

There were increases in red blood cells, hemoglobin and hematocrit at 8 weeks.

There were significant increases in serum HMW adiponectin levels. There were significant reductions in uric acid (UA) at 8 weeks, which returned to pretreatment levels at 16 weeks. There were tendency towards reductions in uAlb/Cr after treatment.

There were no significant changes throughout study period in urinary 8-OHdG.

Discussion {#s4}
==========

The main findings of the current study are summarized as follows. 1) There were significant reductions in BW, BMI and waist circumference after tofogliflozin treatment. 2) There was a significant reduction in HbA1c at 8 weeks, which returned to pretreatment levels at 16 weeks. 3) AUC of plasma glucagon significantly increased at 8 weeks. 4) There were no significant changes in lipid and lipoprotein levels in either fasting or postprandial state except for tendency toward reduction in postprandial TG at 8 weeks and increase in HDL-C at 16 weeks. 5) At 8 weeks, there was a significant reduction in UA, which returned to pretreatment levels at 16 weeks.

This is the first study on the effect of SGLT2 inhibitors treatment on lipid metabolism in postprandial states. In the past decade, increasing attention has been paid to the importance of postprandial TG as an important predictor to the development of atherosclerotic disease \[[@R17], [@R18]\]. The current study, however, did not show significant changes in postprandial lipid metabolism during tofogliflozin treatment.

The findings that there were significant reductions in BW after tofogliflozin treatment are consistent with the previous studies \[[@R19], [@R20]\]. Despite considerable reductions in BW during tofogliflozin treatment, there were no significant reductions in postprandial lipid and lipoproteins, which is in contrast to our findings \[[@R21]\] in anagliptin, a dipeptidyl peptidase-4 (DPP-4) inhibitor. Anagliptin treatment was associated with considerable reductions in postprandial dyslipidemia but not with significant reductions in BW.

We assume that the potential contributing factor to offsetting BW reduction effect on postprandial lipidemia by tofogliflozin treatment could be the increases in glucagon. We found that in the current study tofogliflozin treatment was associated with increases in AUC of plasma glucagon, which is in line with recent reports on other SGLT2 inhibitors \[[@R22]\]. Glucagon, on the other hand, is known to increase hormone sensitive lipase activity in adipose tissue \[[@R25]\], leading to the increase in the influx of free fatty acid release into blood, which in turn may promote TG production from the liver. In contrast to SGLT2 inhibitors, studies suggest that plasma glucagon levels decreased during treatment with DPP-4 inhibitors \[[@R28]\].

Recent two studies have shown the clinical efficacy of tofogliflozin treatment in Japanese patients with type 2 diabetes mellitus \[[@R19], [@R20]\]. One of the studies showed that there were increases in HDL-C but no significant changes in TC or LDL-C at 24 weeks by 20 mg of tofogliflozin \[[@R19]\]. Another study showed that at 52 weeks, 20 mg of tofogliflozin treatment caused increases in HDL-C and reductions in LDL-C but did not change TG \[[@R20]\]. These results suggest that the effects of tofogliflozin treatment on plasma lipid may not be straightforward. The recent study by Takahara et al \[[@R31]\] have shown a 4-week treatment with ipragliflozin, another SGLT2 inhibitor, in 10 Japanese type 2 diabetic adults produced no significant changes in plasma TG, total cholesterol, or HDL-C.

The limitations of this study are that the sample size is small and the study was done in a single arm. On the other hand, we conducted measurements of wide range of metabolic markers in postprandial states as well as fasting during tofogliflozin treatment and after discontinuation of this treatment.

In conclusion, the present findings suggest that in men with type 2 diabetes, tofogliflozin treatment causes an improvement of postprandial glucose metabolisms but may not cause considerable changes in postprandial lipid and lipoprotein metabolism, which is in contrast to our previous findings in anagliptin, a DPP-4 inhibitor \[[@R21]\].
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